ABSTRACT GRB 190114C is a famous Gamma-Ray Burst (GRB) due to its detection at sub-T eV energies by MAGIC, seen at redshift z = 0.42. This burst is one of the brightest GRB detected by Fermi . We present a detailed analysis of GRB 190114C prompt emission, using the two Fermi detectors: GBM and LAT. The LAT low energy events (LLE) data is also considered. A joint GBM-LAT analysis reveals a sub-GeV spectral cutoff. A similar high energy cutoff was reported in GRB 160509A and GRB 100724B earlier, and a handful of other sources. The cutoff can be explained by the intrinsic opacity due to pair production within the emitting region. Such morphology in these GRBs suggests that they belong to one specific class having a similar source of the radiation mechanism. GRB 190114C shows a transition from non-thermal to a quasi-thermal-like spectrum along with radiation due to external shock. From spectrum analysis and Lorentz factor evolution from the trigger time to late emission, considering the fact that sub-T eV photons are detected in MAGIC, we are able to draw an emission mechanism picture, where the prompt emission spectrum is more consistent with spectrum via photospheric dissipation with presence of external shock emission simultaneously.
INTRODUCTION
Gamma-ray bursts (GRBs) prompt emission spectrum are traditionally modeled by the Band function (Band et al. 1993) . However, the deviations from Band function are observed and reported previously, such as the presence of an extra thermal component (Ryde 2005; Page et al. 2011; Guiriec et al. 2011) , spectral breaks (Oganesyan et al. 2017a,b) , Band function with highenergy cutoff (Ackermann et al. 2013; Tang et al. 2015; Vianello et al. 2017) , multiple thermal + non-thermal components (Guiriec et al. 2015b (Guiriec et al. ,a, 2016 Basak & Rao 2015) . Observational evidences, however, could be affected by selection effects. Two very different models are sometimes barely distinguishable when folded with the response of a detector. Time-resolved spectral analysis, though a very reliable method to understand the emission mechanism, has implementation limits because of poor statistics. A break at low energy is observed in GRBs observed simultaneously in soft and hard X-rays † vikas.chand.physics@gmail.com in Swift . However, bumpy structure in this range is also observed (Basak & Rao 2013; Iyyani et al. 2013) . The presence of a thermal component and its effect on the non-thermal spectral emission have also been studied (e.g., Li 2019) . Thermal components are considered as signature of a photospheric model.
The drawbacks of the empirical models can be avoided by using physical emission models. Burgess et al. (2018) used synchrotron model from a cooling population of electrons and showed most of the GRBs spectrum are consistent with synchrotron cooling. Photospheric models are also used in some studies (Vurm & Beloborodov 2016; Vianello et al. 2017) . On the theoretical side, consensus is built over two contending models, photospheric emission (dissipative or non-dissipative) and synchrotron emission in many possible settings (Beloborodov & Mészáros 2017; Pe'er 2008; Burgess et al. 2018) .
The sub-GeV radiation from the bright burst with good count statistics can give important insights. The question of whether the ∼100 M eV emission has an external shock origin or internal dissipation origin is still under debate (see Tang et al. 2015 , and references therein). Time-dependent broadband model fits from keV to GeV energies can help us to distinguish these two origins. On the other hand, in cases where both the external and internal dissipation is contributing to the ∼100 M eV emission, model fits with short time slices (e.g., 1 s) can reveal the time evolution of both contributions.
With the Fermi space observatory, the broadband spectrum of the GRBs can be studied from a few keV up until hundreds of GeV s in some bright bursts. Some bright bursts have shown bright emission also in Fermi -LAT, thus allowing enough photon statistics even in short time slices. GRB 160625B is one such example where the emission was seen in sub-GeV LAT band. A joint analysis of Fermi detectors shows a cut-off in the spectra in ∼ 100 M eV energy range . Similarly, GRB 160509A is yet another example. A break similar to GRB 160625B exists for this GRB and GRB 100724B (Vianello et al. 2017) . From its light curves this emission seen up to sub-GeV band is most likely related to prompt emission. GRB 160509A has shown remarkable evolution of GeV spectrum from prompt to afterglow (Tam et al. 2017) . A detailed analysis with LAT emission during the prompt emission can reveal that the contamination of the spectrum by lower energy components can lead to this dramatic evolution. Although GRB 160509A shows two bright LAT pulses, GRB 190114C shows one bright pulse in the LAT. Several spectral studies of GRB 190114C have been performed recently (Wang et al. 2019 , Ravasio et al. 2019 , but caveats of these works include: (a) incomplete spectral analysis, due to the absence of LAT-LLE data and they have analyzed the GBM and LAT data separately instead of joint analysis; (b) wider time bins are chosen while performing the spectral analysis. There are hints from these studies though that the initial part of the LAT spectrum could be affected by prompt emission spectrum. We have presented the evolution of the net spectral shape of the prompt emission by joint GBM-LAT analysis, by trying several typical empirical spectral models.
We summarize the major observations of GRB 190114C in Section 2. We draw a parallel of GRB 190114C with GRB 160509A and also demonstrate the transition of the LAT emission from prompt to afterglow for the later in Section 3. Conclusions and implication of the results are discussed in Section 4.
OBSERVATIONS
GRB 190114C triggered the Neil Gehrels Swift Observatory -Burst Alert Telescope (BAT) at 20:57:03 UT (T 0, trigger time), on 14 th of January 2019. Later, the optical counterpart was detected by several observatories in various bands and with detection of absorption lines the redshift found to be, z = 0.4245 ± 0.0005 (Castro-Tirado et al. 2019) . Surprisingly, MAGIC detected GRB 190114C in the sub-T eV energy domain starting at T 0 + 50 s. A clear excess of gamma ray events were detected with a significance greater than 20 σ within the first 20 minutes with energies greater than 300 GeV (Mirzoyan et al. 2019) . The Fermi GBM light curve shows a bright, multi peaked pulses from T 0 + 0 s to T 0 + 15 s followed by a fainter emission lasting up to T 0 + 200 s. The calculated T90 (Koshut et al. 1995) duration of the light curve was found to be 116 s ( within 50 − 300 KeV ), along with an energy fluence (within 10 − 1000 keV ) of (3.99×10 −4 ± 8.10×10 −7 ) erg cm
and the estimated isotropic energy release was 3×10 53 erg. This source was also detected by AGILE/MCAL in the 0.4 − 100 M eV energy band for duration of 6.2 s (Ursi et al. 2019) . As observed by Konus-Wind, the main part of the burst showed a hard-spectrum multipeaked pulse starting from T 0 to T 0 + 6 s with a fluence of (4.83 ± 0.10) × 10 −4 erg cm −2 (Frederiks et al. 2019 ).
METHOD AND ANALYSIS
The data were downloaded from publicly available data on the Fermi science Support Center (FSSC)
1 . The spectra were reduced using Fermi science tools software gtburst by standard methodology 2 . For LAT, transient event class and its instrument response function P8 TRANSIENT020 were used. The spectral analysis is performed in XSPEC (Arnaud 1996) , and pgstat was used for testing various models since the data is Poissonian and the Gaussian background is derived from modeling the off-source intervals by a polynomial 3 . Furthermore, to fit the different components of the spectrum we used the Band model (Band et al. 1993 ) (B) for one, and B + powerlaw with a multiplicative cutoff component (B + CPL) for the other. A model with exponential cutoff applied to Band model (BC) is also used (see section A for the form of funtion. To find which model fits the data best, we used Bayesian Information Criterion (BIC) and Akaike Information Criterion (AIC). Given their properties, AIC is preferred to compare non-nested models such as Band function, or powerlaw. Whereas, BIC is preferred when nested models such as black-body with a band function are compared (Kass & Rafferty 1995) .
The change in AIC or BIC can predict the model with strong correlation to the data. All errors are calculated within 90% confidence level.
We take brighter GBM-NaI detectors with off-axis angles less than 50
• and GBM-BGO covering same hemisphere of spacecraft as NaI detectors. In case of GRB 190114C , we have considered NaI 3, 4, 7, 8 and BGO 0, 1 (n3, n4, n7, n8, b0 and b1) . LAT data is also used (both LLE and > 100 M eV data). Here, we would be referring to energies > 100 M eV as LAT-HE. To account for inter-instrument calibration, we applied a multiplicative constant factor (effective area correction factor) w.r.t the detector having highest count rate. The factor is allowed to vary up to ∼ 20 -30% as the EAC constant factor is not expected to differ by more than 30%.
3.1. GRB 160509A LAT-HE: transition from prompt to afterglow
A detailed analysis of the prompt emission of GRB 160509A is presented in a previous study done by Vianello et al. (2017) . A high energy cutoff (around 100 M eV ) to the Band function is found to be the best fit model. LAT emission can be divided into two major episodes. Initially, the emission is observed simultaneously with GBM. The LAT-HE flux evolution shows two components with different hardness (see left panel of Fig. 1 ). The former being a softer emission that lasts till ∼ 40s and the latter being a harder extended emission. The former is a fast varying (FV) component since its photon flux varies with time as ∝ t −3.98±0.53 . The latter being a slow varying (SV) LAT-HE component which may extend to an earlier time, thus showing us hardening of the spectral component as a result of its superposition with the earlier softer emission. Tam et al. (2017) have also studied the LAT-HE emission and have noted the soft and hard components. We, here, track the hard component by monitoring the LAT emission during the overlapping time-window which helps us smoothly observe the evolution of the spectral index. The FV component is soft and in the time-integrated spectrum can be thought to be the spectrum above the cut-off in the Band spectrum. The two components are dominant in different energy regions. The FV component is majorly populated by the photons with energies that are less than 200 M eV whereas the SV component by ones with energy greater than 200 M eV . The lightcurves in Fig. 2 (right panel) show photon with energies near 1 GeV are first observed after ∼ 20 s. This implies the presence of LAT-HE afterglow starting earlier than or beginning from 20 s. This claim can further be supported by the flux evolution of LAT in the energy range 0.1-10 GeV as seen in Fig. 1 . By looking at the evolution of spectral index, we clearly see the transition from prompt to afterglow emission. In wider bins, this soft to hard transition can be seen in the 20 -27 s and 27 -37 s bins. To see this as a smooth transition we made narrower bins of 3 s duration and used the sliding window technique with a step of 1 s, or 2 s (for the last few bins). We plot the spectral index of the powerlaw fit obtained for these windows. The index evolves from a softer value observed in the bins 8 -13, 13 -15 and 15 -18 s to a harder value observed for the bins after 37 s (see Fig 1) .
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Joint GBM-LAT analysis
The energy range 8 -900 keV was used for NaI detectors, ∼ 0.2 -38 M eV was used for the BGO detectors, 20 -100 M eV was used from LLE and >100 M eV was used for LAT-HE. We neglected ∼ 30 -40 keV from our spectral analysis to exclude the 33.17 keV K-edge feature. In Fig. 2 , we can observe that contrary to GRB 160509A , the initial emission in GRB 190114C is limited to the 1 -30 M eV band only, however, the bright pulse during the peak finds its correspondence in the 30 -100 M eV LLE band, and in LAT-HE only some photons with relatively low energies are observed. As in case of GRB 160509A , the later emission can contaminate the prompt emission. That is the afterglow component, the presence of which could be felt prominently at low energies and during the prompt emission. This component noticeably pollutes the prompt spectrum after 4.8 s (Ravasio et al. 2019) . Interestingly, the LAT photon index also shows soft to hard evolution (Wang et al. 2019 ) similar to GRB 160509A . We thus explore the joint GBM-LAT data for the possibility of a spectral cutoff in the prompt emission. Looking at the light-curve morphology, it is intuitive that this cutoff, if present, will show considerable evolution as well as contamination from the afterglow. We resolve the spectrum in 1 s bins which is the shortest possible bin using archived LLE data. Interestingly, a fit to the Band function has a systematic trend in its residuals beyond 100 M eV , and this contrast is most prominent in the 3 -4 s bin as shown in Fig 3. This could be regarded as the signature of a cutoff in the energy spectrum around this energy range. So we added a powerlaw component with an exponential cutoff. The added component returned a well constrained cutoff ∼ 50 M eV at 3 -4 s since the GBM trigger. The improvement in statistics strongly favours the addition of a cutoff powerlaw. Alternatively, we modeled with BC, B + BB and BB + BC; and BB + BC is strongly favoured among these, however, in comparison with B + CPL, the later is very strongly favoured (∆AIC = 45, ∆BIC = 44.4). So, it is evident that the high energy data cannot be modeled by simply extrapolating the low-energy model and a cutoff is definitely required. The cutoff during 4-5 s could not be well constrained for the upper bound. This is not surprising, because of the rising contribution from the afterglow which is significant after 4.8 s (Ravasio et al. 2019) . The low energy spectrum becomes harder within 3 -5 s. The Band model with an additional cutoff powerlaw fits better in these bins as reflected by the large decrease in BIC and AIC. The spectra are shown in Fig 3. Taking energies above 10 M eV we confirm that pgstat with a cutoff powerlaw has 20% and 18% contribution respectively.
For further confirmation of the cutoff, we just take the data above 10 M eV and model it by both powerlaw and a multiplicative cutoff. The fit to powerlaw resulted in a slope of 2.53 +0.14 −0.13 along with pgstat degree of freedom (dof)= 107.2(72), and that to cutoff powerlaw shows a cutoff at 60 +70 −22 M eV with slope 1.5 ± 0.5 and pgstat (dof) = 92(71). Thus, the feature could be recovered with ∆BIC = 10 which shows that an energy cutoff is very strongly preferred over a simple powerlaw decay. We show the fits to both models in Fig 4, and also derive confidence contours for cutoff energy (E c ) and index (ξ) of the ∼ E −ξ exp(-E/E c ) function. The cutoff can be constrained well (Fig 4) and is also close to what is determined from the entire data fit in this interval. The cutoff thus obtained can be because of the γ − γ absorption, for these < 100 M eV cutoffs the target photon energy should be comparable to the cutoff energy E c thus allowing us to estimate the bulk Lorentz factor Γ (Lithwick & Sari 2001) as:
However, it is only true in the case when the effect of pair production is ignored. In a fully time-dependant model this could be 1.5 -2 times lower (Gill & Granot 2018) .
We can also estimate the limiting energy from synchrotron emission (e.g. Guilbert et al. 1983; de Jager & Harding 1992; Piran & Nakar 2010; Atwood et al. 2013) , which can produce cutoff energy feature, using,
where α F is fine structure constant. For our results, we used lower limit of the Lorentz factor and divided it by factor 2 to compensate over-prediction by Equation 1.
Further time-resolved analysis
In a previous work, Wang et al. (2019) argue for the presence of a blackbody component during the peak of the initial phase (0.7 -1.71 s) However, we should be cautious here as this could be as a result of larger bin size taken for their analysis. They have used Bayesian blocks (Scargle et al. 2013) for constructing the time intervals for analysis during the prompt phase. The Bayesian blocks are the segments in time with statistically constant signal in a particular bin and a new block is formed when the change is statistically significant. Their bins (two in number) during 0.7 -1.71 s are comparatively larger than their other bins around this. This is because of the low variability and an almost constant signal for a longer duration. Wider bin is risky as it can smear the spectral evolution and can even appear as a blackbody component. An example can be found in Chand et al. (2018) where a fast evolution of peak energy in ∼ 1 s appeared as a blackbody in the coarse bins. We, here, further divided the bins by using time-tagged-events (TTE) data in higher resolution and found that the models without a BB in these bins are favoured or are equally well in explaining the underlying spectrum.
We chose a signal to noise ration of 50 (from n4). In the time-interval (0.7-1.7), we could construct 8 bins in this manner. We chose models Band function (B) A1, a blackbody added to band function (B + BB) A3, a blackbody added to CPL (BB + CPL), a broken powerlaw model with two sharp breaks bkn2pow and a broken powerlaw with sharp breaks and a cutoff (bknpowC). The formulas for all the models used are reported in the Appendix (Section A).
We presented our results in Table. B. During 0.7-1.7 s, bknpowC describes the spectrum at par with BB + CPL. So, the black body fitted in Wang et al. (2019) can be modeled by a low energy break. However, in the later phase the spectrum could modeled by BB + Band and Ravasio et al. (2019) also modeled the spectra with smoothly broken powerlaw, however, they also found the spectral index becoming harder during these times (2.45 -5.69 s). Therefore, we can say that the spectrum is initially non-thermal with a low energy cutoff (sub-M eV ) which later becomes quasi-thermal.
DISCUSSION AND CONCLUSIONS
We summarize the aforementioned results and other information at the serving end to draw conclusions:
1. Prompt emission happens to have multiple pulses with different evolution as reflected in lightcurves plotted in multiple energy bands (Fig. 2) .
In the same figure we also draw analogy with GRB 160509A . We showed in the light-curves, photons separated by 4.5 s (see Fig. 2 ). LAT-HE spectrum attains hard spectral indices (∼-2) after 6 s (Ravasio et al. 2019 ).
2. Contrary to GRB 160509A , GRB 190114C has shown considerable spectral evolution. At first the spectrum is non-thermal and at 2.7 s transforms into hard spectrum. Including LLE data, the timeresolved spectra during 2 -6 s show a cutoff in the spectrum. The cutoff is clearly found during the time 3 -4 s and hints can be seen after this time. The spectrum in 4 -5 s and after is affected by the emerging afterglow component. We also showed that the cutoff is less probable to be orig- inating from the intrinsic cutoff in the electrons energy distribution spectrum (Table 1 last column is the maximum energy of the photons that can be produced through synchrotron emission in these bins).
3. The Lorentz factor calculated from the sub-GeV cutoff (using Eq. 1) of the 3 -4 s bin is 138
+29
−23 , and a hint of an increase in the Lorentz factor towards the afterglow onset can be noticed.
4. The time-resolved spectrum shows a transition from non-thermal to thermal.
5. MAGIC observed GRB 190114C from T 0 + 50 s. A significant excess of gamma rays (>0.3 T eV ) up to T 0 + 1200 s was observed. After the first bright flash, the source faded rapidly.
6. Derishev & Piran (2019) suggested the origin for the sub-T eV radiation to be inverse Compton scattering of the soft X-ray photons. A confirmation from spectral fits is yet to be seen. For the radiation to survive from annihilation they obtained limits on the bulk Lorentz factor as well as the Lorentz factors of the electrons.
7. Fraija et al. (2019) , through multiband spectral and temporal analysis of the forward and reverse shocks along with the best fit value of the circumburst density, estimated the value of the initial bulk Lorentz factor to be ∼ 600. After ∼400 s the synchrotron radiation undergoes a phase transition from a stratified stellar-wind like medium into a homogeneous ISM-like medium.
The Lorentz factor found from the onset of the afterglow is higher than that derived from the prompt emission cutoff (see Table 1 ). The hard spectrum during the second pulse may suggest dissipation below the photosphere. The outgoing photons produced in this dissipation undergo Comptonization and escape at the photosphere which is a fuzzy zone in itself (Beloborodov & Mészáros 2017) . The specialty of such a model spectrum is its strikingly similar shape as the observed one during this time, as it accounts for both the hardness as well as the high-energy cutoff seen in the spectrum. Low derived values of the bulk Lorentz factor using Equation (1) then implies the dissipation happens in the phase where the Lorentz factor is still not saturated. On the other hand, the spectrum of the initial pulse is much softer and can be explained originating from internal shocks in coasting phase. The sharp cutoffs in this case for the first pulse can be attributed arising from intrinsic electrons energy distribution.
The start point of MAGIC detection (T 0 + 50 s) implies that the radiation is observed in the stellar-wind like medium since the phase transition occurred at 400 s. The Lorentz factor in wind-like medium evolves as
where Γ t is the bulk Lorentz factor after time t, t d ∼ 4 s is the shock crossing time . Γ ∼ 600 is the initial Lorentz factor. The transition from stratified wind medium to constant density ISM occurs at ∼ 400 s and the Lorentz factor (Γ 0 ) during the transition is reported to be ∼ 220 (Fraija et al. 2019 ). At t=50 s, Γ t=50 s ∼ 320. This safely places the inverse Compton in the Thomson regime, however, it is much greater than Γ > 108 in a wind medium (Derishev & Piran 2019) .
The limit of 320 however, will require the seed photons to be ∼ 1keV , an order of magnitude less that 10 keV required for producing a 0.5 T eV photon in (Derishev & Piran 2019) . This also has implication on the synchrotron photons produced, either γ e or the magnetic field will be affected. The limit 108 was derived using L X,iso calculated after 70 s. The analysis in Derishev & Piran (2019) , might be revisited for accommodating these changes. However, the results seems to be consistent. From Lorentz factor decay in the constant density ISM, t = t0 (Γ 0 /Γ t ) 8/3 , t0 is the time at transition, the time it takes Lorentz factor 3800 s to decay to from 220 to 96 which is much larger than 20 min detection period observed in MAGIC.
In the literature, several bright GRBs have shown a peculiar cutoff in the sub-GeV energies (Tang et al. 2015; Wang et al. 2017; Vianello et al. 2017) . These GRBs are observed in a broadband. The analysis of the prompt emission for many GRBs could be marred by limited band observations and by contamination from the bright afterglow component existing simultaneously with prompt emission. The contamination has been seen in GRB 190114C by Ravasio et al. (2019) , and in case of GRB 160509A , we highlighted the transition region by showing the evolution of prompt emission and afterglows. In case of GRB 160509A , the effect is feeble while GRB 190114C is severely affected. In our analysis of the joint data from Fermi detectors, we have recovered such a break in the time resolved analysis which could be smeared in the time-integrated emission and at certain point dominating external component.
GRB 190114C also shows a spectacular evolution of the spectral shape. The initial spectrum becomes hard after ∼ 2.7 s where a fresh injection seems to be occurring. Such a hard spectrum can be possible in case of dissipation occurring at high optical depth below the photosphere. The shape of the spectrum can be explained in such a case arising from the Comptonization of the outgoing photons. The complete picture from our analysis would be (a) initial phase produced away from photosphere, (b) second hard phase is produced in a sub-photospheric dissipation and where the jet is in acceleration phase, (c) the afterglows are produced in external shock, (d) the sub-T eV radiation can also be consistent in this picture arising from inverse Compton scattering (Derishev & Piran 2019) 
where E b = (α − β)E p /(2 + α). The Band model with a high energy exponential cutoff at E c (BC) is given by
Other models considered in this paper include: a blackbody 4 (BB), blackbody added to Band (B+BB), a broken powerlaw model with two breaks (bkn2pow 5 ), a broken powerlaw model with one break and a high energy cutoff (bknpowC 6 ), and a powerlaw model with a high energy exponential cutoff added to blackbody (BB+CPL 7 ), as given by: 
